Instability of perovskite photovoltaics is still a topic which is currently under intense debate, especially the role of water environment. Unraveling the mechanism of this instability is urgent to enable practical application of perovskite solar cells. Here, ab initio metadynamics is employed to investigate the initial phase of a dissolution process of CH 3 NH 3 PbI 3 (MAPbI 3 ) in explicit water. It is found that the initial dissolution of MAPbI 3 is a complex multi-step process triggered by the departure of I -ion from the CH 3 NH 3 I-terminated surface. Reconstruction of the free energy landscape indicates a low energy barrier for water dissolution of MAPbI 3 . In addition, we propose a two-step thermodynamic cycle for MAPbI 3 dissolution in water at a finite concentration that renders a spontaneity of the dissolution process. The low energy barrier for the initial dissolution step and the spontaneous nature of MAPbI 3 dissolution in water explain why the water immediately destroys pristine MAPbI 3 . The dissolution thermodynamics of all-inorganic CsPbI 3 perovskite is also analyzed for comparison. Hydration enthalpies and entropies of aqueous ions play an important role for the dissolution process. Our findings provide a comprehensive understanding to the current debate on water instability of MAPbI 3 .
Introduction
Evolution of hybrid halide perovskite solar cells makes a contribution to the goal of replacement of fossil fuels. High power conversion efficiency and low fabrication cost raise perovskite photovoltaics as a tough competitor against the silicon solar cells. Since the inception of halide perovskite solar cells with 3.8% power conversion efficiency in 2009, 1 within 10 years of development, the world record power conversion efficiency of perovskite photovoltaics has reached 24.2% according to the efficiency chart published by the National Renewable Energy
Laboratory. However, the poor stability of perovskite photovoltaic absorbers still remains unsolved and hinders the solar cells entering people's daily life.
Among the stimuli caused degradation of hybrid perovskite, water is confirmed to degrade −−→ (−CH 2 −) + NH 3 (g) + HI(g) + PbI 2 (s) .
Kakekhani et al. 5 propose a super-hydrous state of water incorporation in MAPbI 3 to explain deterioration of its photovoltaic properties in a moist environment. Besides, Philippe et al. 6 and Niu et al. 7 proposed a decomposition mechanism relating to the presence of CH 3 NH 3 I
(MAI) and PbI 2 , CH 3 NH 3 PbI 3 (s)
In fact, two extreme water content conditions are discussed above: atmospheric moisture and liquid water. Both of the mechanisms are important. For fresh perovskite photovoltaics, moisture degradation is obviously important for the endurance. There are plenty of publications investigating the moisture induced degradation of CH 3 NH 3 PbI 3 . [8] [9] [10] [11] [12] [13] [14] [15] As photovoltaics, it has to be considered that different situations the cells will encounter, e.g. after couple of years, cracks of the photovoltaic modules are inevitable. 16 At this stage, understanding of liquid water degradation mechanism becomes important. Especially, hybrid halide perovskites contain lead element. There are less investigations about the liquid water degradation pathway. [17] [18] [19] It is still unclear about the mechanism of CH 3 NH 3 PbI 3 degradation in liquid water, such as the energy barrier, decomposition details.
Key challenges in understanding the degradation mechanism of MAPbI 3 are the difficulties in determining the surface chemistry of the first few atomic layers of the pristine material without any exposure to ambient atmospheric conditions, and, conversely, the difficulties in measuring this same surface chemistry in real time under exposure to realistic environments. 4 Molecular dynamics (MD) make it possible to explore the degradation mech-anism at the atomic level. Mosconi et al. 17 , Caddeo et al. 19 simulated the heterogeneous interface between water and MAPbI 3 to study its water degradation mechanism. Mosconi et al. 17 observed first MAI unit dissolved within 8.5 ps using an ab initio molecular dynamics (AIMD). Caddeo et al. 19 observed a fast dissolution of outermost MAI-terminated layers within 10 ps using classical molecular dynamics. Whereas, the details of the initial phase of the degradation process, such as energy barriers of corresponding steps, and the preference of ions leaving the surface are still missing. The ionic nature of MAPbI 3 8,20 allows to draw a parallel to the research on simulation of NaCl dissolution. Intriguingly, Liu et al. 21 and Chen et al. 22 encountered the same situation when dissolving NaCl using MD. A single ionic dissolution is a rare event, which is unlikely to happen on the time scale of an AIMD simulation. Therefore, the dissolution needs to be "driven" artificially. 22 Metadynamics 23-25 is a powerful algorithm that can be used both for probing the free energy landscape and for accelerating rare events in systems described by complex Hamiltonians, at the classical or at the quantum level. Since the dissolution of MAPbI 3 in water is viewed as a rare event, it needs a much longer simulation time to capture the dissolution, and this finding raises a question about validity of conclusions drawn from the relatively short 10 ps simulation.
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In the current research, we propose the water degradation mechanism employing the capability of ab initio metadynamics which uses computational sands to fill the initial po-tential valley and to force the trapped system from the initial basin and explore the energy landscape. And it gives the possibility to describe the heterogeneous interface with a large system from the atomic level, dynamically and considering finite temperature effects. Hence, the method can accelerate and capture the dissolution process of MAPbI 3 in water. Here, the free energy surface (FES) of water dissolution MAPbI 3 can be reconstructed based on the historical computational sands added to the basin. The obtained FES suggests a relatively low energy barrier of the first step of the dissolution process. In addition, an analysis based on a thermodynamic cycle for dissolution MAPbI 3 explains the intrinsic water instability of MAPbI 3 . The low dissolution energy barrier and spontaneous dissolving trend together unravel the fragile nature of MAPbI 3 when encountering water. 
Computational method

33-35
The phase separation energy difference ∆E tot of MAPbI 3 and CsPbI 3 are adopted from our previous calculations. 36 For reciprocal space integration, 3×3×2 Monkhorst-Pack grid 37 was used for tetragonal MAPbI 3 , 4 × 4 × 3 for hexagonal PbI 2 and 3 × 6 × 2 for orthorhombic CsPbI 3 . The convergence of ∆E tot with respect to the k-mesh density was tested via doubling the density for investigated perovskite structures and corresponding decomposed structures.
And the convergence is better than 5 meV. The cutoff energy for a plane wave expansion was set at 400 eV. The lattice constant and atomic positions were optimized such that residual forces acting on atoms did not exceed 2 meV/Å, and the residual hydrostatic pressure was less than 50 MPa.
For AIMD calculations, a semi-empirical scaling method 38,39 is used to achieve a finitetemperature structure of MAPbI 3 that is self-consistent with PBE functional with the van der Waals correction. According to scanning tunnelling electron microscopy studies of Metadynamics was applied to accelerates the rare events of the heterogeneous interface (VASP tag MDALGO = 21). It is realized by augmenting the system HamiltonianH(t) with a time-dependent bias potentialṼ (t, ξ) which acts on selected collective variables ξ =
where H stands for the original Hamiltonian of unbiased system.Ṽ (t, ξ) is defined as a sum of Gaussian hills with height h and width w,
During the metadynamic simulation,Ṽ (t, ξ) is updated by adding a new Gaussian with a time increment t G which is set to 100 fs. A collective variable (CV) is a function of the particle positions. We employed two CVs in the current metadynamics. The first CV (ξ 1 ) is defined as the coordination number The second CV (ξ 2 ) records the interatomic distance between the monitored I -and Pb
2+
underneath it. An estimate of the underlying free energy A(ξ) can be obtained via a sufficiently long time simulation,
The choice of coordination numbers and Pb I distance as two CVs is because these CVs vary After the standard ∼ 9.8 ps MD, the width of Gaussian hill is determined from a continuous 1.8 ps metadynamics which monitors the two CVs without adding hills. The amplitudes of these CVs in the reactant well indicate the width of the well, 44 and we set w = 0.11.
Considering our large system (more than 800 atoms) and complexity of the dissolution procedure, we set h = 0.026 eV from IS to IM. After passing the IM state, we increased the Gaussian height to 0.052 eV. To characterize the hydrogen bonds between water molecules and I -, we set the bonding searching range to 3.25 Å. 45 Plumed package 46 and Gnuplot were utilized to reconstruct and plot the FES of dissolution events. VESTA 3 package 47 was used to visualize crystal structures.
Results and discussion
Dissolution energy barrier estimation
In this section, it will be shown that MAPbI 3 dissolution is a complex multi-step process triggered by the initial departure of I -ions from the MAI-terminated surface. We begin with the discussion of dissolving I -using the metadynamics. An equilibrated heterogeneous interface is taken as the initial structure for metadynamic simulation of the dissolution process. The observation of I -or MA + ion backtracking to Pb I cavity in the previous discuss is due to the trapping of the system in the initial FES basin using standard AIMD. The configuration trapped at this basin is named as the initial state (IS) shown in Fig. 1 . In the IS, the monitored I -(labelled yellow) forms hydrogen bonds with two water molecules above it, and bonds with a lead atom underneath it. Under the action of the metadynamic bias, the system is discouraged to revisit previous explored spots. With accumulating the computational sands, the initial basin is filled and the system is forced to escape from the local minima. We observe the elongation of the I Pb bond shown in Fig.2a and Fig.2b . After around 7 ps of metadynamic simulation, the system arrives at the first transition state (TS I ) of the dissolution process shown in Fig. 2c and Fig. 2d The heterogeneous interface evolves towards a state in which the I -is partly hydrated, but remains trapped close to the surface illustrated in Fig. 2e and Fig. 2f . We assign this local energy minimum as an intermediate state (IM). The partially hydrated I -is in an adatomlike configuration. Upon transition from TS I to IM, the coordination number of the I -with the solvent water molecules increases from ∼ 2 to ∼ 4.
During the whole simulation, we find the system spends a long time at IM basin. The partly hydrated I -stays on top of one neighbour MA + cation due to an electrostatic attrac- in Fig. 2i and Fig. 2j . We characterize the FS as a state where I -escapes from the MAPbI 3 surface and fully dissolves in water. In the FS, I -ion is coordinated by ∼ 7 water molecules, consistent with both experimental and ab initio simulated coordination number of 6 − 9.
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The overall energy barrier for the initial dissolution event is obtained as the energy difference between the IS and TS II which is 0.18 eV.
We portray the FES of the dissolution process of MAPbI 3 in water in Fig. 3 . The ease of water. Detailed thermodynamic analysis of the overall dissolution process is discussed in the following section. Both the hydrophilicity of I -and MA + ion and the intrinsic low electrostatic energy of MAPbI 3 8,36 contribute to these very low energy barriers in Fig. 3 .
Simulations of NaCl dissolution in water identify a clear preference for the dissolution of 
Thermodynamics of MAPbI 3 dissolution in water
Followed by the discussion of the initial process of MAPbI 3 dissolution in water, the thermodynamic analysis of the overall decomposition is proceeded in this section. It is also intriguing to investigate how CsPbI 3 reacts with water as a comparison. The dissolution of MAPbI 3 via water can be described as follow:
Estimation of the change of the Gibbs free energy(∆G • T ) between the reactants and products is a standard approach for predicting whether a reaction or process will occur spon- 56 Kye et al. 57 utilize an ab initio thermodynamic formalism with the effect of solution to investigate the behaviour of defects on phase stability of CsPbI 3 . Here, we apply the combination of theoretical and experimental data to estimate the Gibbs free energy change (∆G diss ) of MAPbI 3 dissolution in water at temperature T as stated in Eq. (7). According to Sholl and Steckel 55 , G
• T can be expressed as,
Here, E tot is the standard state enthalpy at zero temperature which is evaluated based on DFT total energy calculations.μ
• T captures finite temperature effects on the chemical potentials of species involved which is evaluated from NIST-JANAF thermochemical tables as well as other experimental resources.
In order to capture ∆G diss at finite temperature, we designed a two-step thermodynamic cycle as shown in Fig. 4a . The first step of the thermodynamic cycle is the dissociation of -(g) and PbI 2 (s),
During this process, finite temperature effect on enthalpies and entropies of the system from solid inital state to intermediate gaseous state and PbI 2 (s) are evaluated, repectivelỹ
The addition of the resultantμ in the first step of the thermodynamic cycle involving MAPbI 3 dissolution in water. Here, we focus on room temperature T = 298.15 K. calculate the change in Gibbs free energy ∆G 1 for the first step
The calculated ∆G 1 = 5.0 eV is shown in Fig. 4a . The second step of the designed cycle of MAPbI 3 dissolution in water involves the hydration of MA + (g) and I -(g)
The chemical potentials of aqueous ionsμ
• T (aq) in this step can be obtained viã . Related thermodyanmic properties of the second step are shown in Table 2 . The change of the Gibbs free energy of the second step
amounts to ∆G 2 = −5.36 eV. The strongly negative change of Gibbs free energy in the second step overcomes the Gibbs free energy gain in the first step. Combining the two-step Gibbs free energy change, we can obtain ∆G diss = ∆G 1 + ∆G 2 = −0.36 eV. The negative ∆G diss of the dissolution MAPbI 3 in water at a finite concentration indicates the reaction in Eq. (7) would proceed spontaneously. The thermodynamic analysis of MAPbI 3 dissolution process suggests an intrinsic water instability of MAPbI 3 . Although the negative ∆G diss reflects a spontaneity of a reaction, it only predicts the trend of the proposed reaction. According to Arrhenius equation, the rate of a reaction is controlled by the energy barrier, i.e activation energy. A low activation energy indicates a high rate constant. The low activation energy obtained from metadynamic calculations for the MAPbI 3 degradation in water demonstrates the corresponding reaction will proceed quickly. In all, for the reaction of MAPbI 3 in water, the negative ∆G diss renders a thermodynamic instability and the low energy barrier points to a kinetic instability.
Compared with a large amount of discussions on the fragility of MAPbI 3 in water, stability of CsPbI 3 in water recently attracts attention and is also under discussion. Lin et al.
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indicated the water invasion triggered the phase transition of CsPbI 3 from a high-temperature cubic phase to a low-temperature orthorhombic phase and they found that water is adsorbed on the surface without penetrating the interior of CsPbI 3 . Conversely, Yuan et al. 66 observed the CsPbI 3 quantum dots degraded in a chamber with a wet gas flow. They confirmed the moisture was responsible for the degradation of these CsPbI 3 quantum dots. Here, we employ the two-step thermodynamic cycle to the case of CsPbI 3 dissolution in water to clarify these controversies.
The first step of the proposed thermodynamic cycle of dissolution CsPbI 3 in water is given as CsPbI 3 (s)
Related thermodynamic properties of species involved in the first step of CsPbI 3 dissolution in water are listed in Table 1 . We can obtain the Gibbs free energy change ∆G 1 = 5.26 eV for Eq. (15) . The thermodynamic cycle of CsPbI 3 is shown in Fig. 4b . The second step of CsPbI 3 dissolution in water involves the hydration of Cs + (g) and I -(g)
Related thermodyanmic properties are shown in Table 2 . Using Gibbs free energies in Table 1 and Table 2 , the change of the Gibbs free energy of the second step is estimated as ∆G 2 = −5.60 eV. The overall ∆G diss = ∆G 1 + ∆G 2 = −0.34 eV for the dissolution CsPbI 3 in water CsPbI 3 (s)
The above discussion indicates that the orthorhombic CsPbI 3 is also prone to decompose in water. The thermodynamic analysis of CsPbI 3 dissolution in water corroborates the degradation of CsPbI 3 quantum dots observed by Yuan et al. 66 . The energy barrier of the Zhang et al. 67 first used the energy differences obtained from DFT calculation to characterize the intrinsic instability of MAPbI 3 and CsPbI 3 , considering a decomposition reaction of MAPbI 3 into solid state products
In Fig. 5 
The mean ionic activity a ± of CH 3 NH 3 I solution
is determined by its molar concentration c relative to the concentration in standard state c • = 1 M and the mean ionic activity coefficient γ ± , which accounts for non-ideality of the solution. Thermodynamic data listed in Table 1 
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• Initial FES of MA + : The initial basin of free energy surface for MA + dissolution in water is plotted and compared with the initial basin of I -dissolution in water. 
Graphical TOC Entry
